Abstract-We present a nonlinear ISI cancellation scheme based on LDPC-coded turbo equalization. This scheme is suitable for simultaneous suppression of intra-channel nonlinearities, chromatic dispersion compensation, and PMD compensation. LDPC coding is based on large girth block-circulant codes, and maximum a posteriori probability equalizer is based on BahlCocke-Jelinek-Raviv (BJCR) algorithm.
I. INTRODUCTION
As the response to the ever-increasing demands of telecommunication needs, the network operators consider 100 Gb/s per DWDM channel transmission. However, the performance of fiber-optic communication systems operating at those data rates is degraded significantly due to several transmission impairments including intra-channel and interchannel fiber nonlinearities, PMD, and chromatic dispersion. These effects constitute the current limiting factors in efforts to accommodate demands for higher capacities/speeds, longer link lengths, and more flexible wavelength switching and routing capabilities in future optical networks. To address the above challenges, novel advanced techniques and devices in modulation and detection, coding and signal processing are required.
In this paper we study the LDPC-coded turbo equalization (TE) scheme as a universal nonlinear ISI equalizer that can be used to simultaneously suppress fiber nonlinearities, and to compensate accumulated chromatic dispersion and PMD. The LDPC codes required for TE were designed as large girth (g≥8) block-circulant (array) LDPC codes, and the maximum a posteriori probability (MAP) detector was implemented using Bahl-Cocke-Jelinek-Raviv (BCJR) algorithm.
II. LDPC-CODED TURBO EQUALIZATION
We present LDPC-coded turbo equalization scheme, as a universal detection-decoding scheme that can be used simultaneously for: (i) suppression of fiber nonlinearities [1] , (ii) PMD compensation [2] , [3] , and (iii) chromatic dispersion compensation [4] . The LDPC-coded TE, shown in Fig. 1(left) , is composed of two ingredients: (i) the BCJR algorithm based equalizer, and (ii) the LDPC decoder. BCJR equalizer serves as nonlinear ISI canceller, reduces the BER down to the forward error correction (FEC) floor, and provides accurate estimates of LLRs for LDPC decoder. To further improve BER performance we allow for iteration of extrinsic information between BCJR equalizer and LDPC decoder. The BCJR equalizer operates on a discrete dynamical trellis description of the optical channel, with memory equal to 2m+1, with 2m being the number of bits that influence the observed bit from both sides. This dynamical trellis is uniquely defined by the set of previous state, next state, and the channel output. The state (the bit-pattern configuration) in the trellis is defined as
, where x k ∈X={0,1}. An example trellis of memory 2m+1=5 is shown in Fig. 1 (right). The trellis has 2 5 =32 states (s 0 , s 1 ,…, s 31 ), each of which corresponds to a different 5-bit pattern. For the complete description of the trellis, the transition probability density functions (PDFs) p(y j |x j )=p(y j |s), s∈S can be determined from collected histograms (y j represents the sample at the input of the BCJR equalizer that corresponds to the transmitted bit u j , and S is the set of states in the trellis). Because the collection of histograms is timely and sensitive to the precision, a better option would be to estimate conditional PDFs using instantons (or method of optimal fluctuations) to estimate far tails, and Edgeworth expansion to refine the middle part, as we proposed in [5] . 
III. SUPPRESSION OF INTRACHANNEL NONLINEARITIES, PMD AND CHROMATIC DISPERSION COMPENSATION BY CODED-TE
We are turning our attention to the suppression of intrachannel nonlinearities via LDPC-coded turbo equalization. Fig. 2(a) shows the conditional PDFs p(y j |x[j-m,j+m]) obtained for dispersion map composed of N sections of D + and D -fibers, with span length of 120 km and percompensation of -1600 ps/nm. (For fiber parameters an interested reader is referred to [1] .) By increasing the number of spans, the ghost pulse at the central bit position for the state s='11011' grows, hence shifting the mean of the PDF to the right. After certain number of spans the mean of PDF exceeds the decision threshold resulting in an error. On the other hand, the mean of PDF for an isolated one (in state s='00100') shifts to the left as the number of spans increases, suggesting that assumed memory 2m+1=5 is not sufficiently large to capture the effect Fig. 2(b) . The results of simulations for a single-channel optical transmission system operating at 40 Gb/s, with dispersion map described above, are shown in Fig. 2(b) . LDPC-coded TE with memory 2m+1=7 provides almost 12 dB improvement over memoryless (m=0) BCJR equalizer at BER of 10 -8 . We further demonstrate the capability of LDPC-coded turbo equalizer in simultaneous chromatic dispersion and PMD compensation. The results of simulation after 700 km of SMF and for DGD of 50 ps, assuming NRZ transmission at 10 Gb/s, are given in Fig. 3 . The BCJR equalizer enters BER floor that is so high that even concatenated RS code is not able to handle, while LDPC-coded turbo equalizer is able to operate properly. We turn our attention to the experimental verification. The experimental setup for PMD compensation study by LDPCcoded turbo equalization is shown in Fig. 4 . The experimental results for 10 Giga symbols/s NRZ transmission are shown in IV. CONCLUSION In previous Section we have demonstrated that LDPC-coded turbo equalizer is an excellent nonlinear ISI equalizer candidate, capable to simultaneously mitigate intra-channel nonlinearities, residual chromatic dispersion and PMD. For an NRZ system operating at 10 Gb/s with residual dispersion of 11200 ps/nm and for DGD of 50 ps, the LDPC-coded TE operating on trellis with memory m=3 is only 1 dB away from the i.i.d channel capacity. The LDPC-coded TE provides almost 12 dB improvement over BCJR equalizer for an RZ system operating at 40 Gb/s in the presence of intrachannel nonlinearities.
